IL-15 is a critical cytokine for the maintenance of memory-phenotype CD8 cells in mice. Here, we investigated the role of IL-15 in the neurological disease termed human T cell lymphotropic virus I-associated myelopathy͞tropical spastic paraparesis (HAM͞TSP). The high number of viral-specific CD8 cells in these patients is associated with inflammatory responses in the central nervous system. Because IL-15 is overexpressed in these patients, we asked whether IL-15 contributes to the persistence of human T cell lymphotropic virus I viral-specific CD8 cells. Using ex vivo cultures of HAM͞TSP peripheral blood mononuclear cells, we demonstrated that in the majority of patients examined here blocking IL-15 action resulted in a decrease in the number of viral-specific CD8 cells. This decrease was caused by both inhibition of proliferation and induction of apoptosis in these cells. The data indicate that IL-15 plays a major role in the maintenance of viral-specific CD8 cells in HAM͞TSP.
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antigen-specific T lymphocytes O ne of the hallmarks of the chronic neurological disease human T cell lymphotropic virus I (HTLV-I)-associated myelopathy͞tropical spastic paraparesis (HAM͞TSP) is the presence of an activated immune system (1, 2) . This phenomenon is best demonstrated by the ability of patient T cells to spontaneously proliferate in an ex vivo culture (3, 4) . This proliferation is attributed to two independent autocrine loops involving the IL-2͞IL-2 receptor (IL-2R) and IL-15͞IL-15 receptor (IL-15R) (5, 6) . The production of these cytokines and their receptors has been shown to be up-regulated by an HTLV-I encoded protein named Tax (6) (7) (8) (9) (10) . In addition to being a strong transactivator of viral and cellular genes, HTLV-I Tax is the dominant target antigen recognized by HTLV-I-specific cytotoxic T lymphocytes (CTLs) in most infected individuals (11, 12) . It was shown previously that in the majority of HAM͞TSP patients there is a high frequency of Tax-specific T lymphocytes, which are present in their peripheral blood and cerebrospinal fluid (11, 13, 14) . Furthermore, it was demonstrated that these cells consist mainly of memory cells (more than 50%) as determined by phenotypic analysis (15) . When these T cells encounter the HTLV-I-infected cells in the central nervous system and perform cytotoxic activity, they secret a number of proinflammatory cytokines such as tumor necrosis factor ␣ and IFN-␥ (16, 17) . The localized accumulation of such cytokines may cause inflammation in the central nervous system and contribute to the disease progression (2, 18, 19) .
It is not clear what factor(s) is responsible for the maintenance of such a high frequency of Tax-specific CTLs. Antigen stimulation theoretically could provide an adequate signal for the persistence of antigen-specific T lymphocytes. However, it has become clear recently that the persistence of the antigen-specific memory phenotype CD8 cells does not depend on the constant stimulation by antigen; cytokines can substitute for antigenic stimulation (20) (21) (22) (23) . There have been a number of reports on the critical role of IL-15 in the preferential stimulation of memoryphenotype CD8 cells (24) (25) (26) . Both IL-15 and IL-15R␣ knockout animals have impaired memory CD8 cells (27, 28) . In contrast, mice carrying a transgene for IL-15 exhibit elevated levels of memory phenotype CD8 cells (29) . Because IL-15 is overexpressed in HAM͞TSP patients (5), we questioned whether it plays a role in the persistence of antigen-specific CD8 cells. If IL-15 is a factor that facilitates the long-term survival of these cells, it could contribute to the disease progression.
In this study, we demonstrated that addition of antibodies that block the action of IL-15 to ex vivo cultures of HAM͞TSP peripheral blood mononuclear cells (PBMC) decreased the number of Tax-specific CD8 cells in the majority of patients studied. Furthermore, the cytotoxic activity of Tax-specific CD8 cells was reduced when the ex vivo cells were deprived of IL-15. These data are of importance because they show that in humans IL-15 is an important factor in the persistence of functional antigen-specific CD8 cells.
Methods
Ex Vivo Culture of HAM͞TSP PBMC and Proliferation Assay. The HAM͞TSP patients studied here were determined to have HLA-A*0201 allele. The culture condition and proliferation assays using PBMC from HAM͞TSP patients have been described (6).
CTL Assay. The PBMC from HAM͞TSP patients cultured for 6 days were used for the CTL assay. The CTL assay was performed by using Europium as described (32) . The cultured PBMC (from the 6-day culture) were incubated with targets at varying effector-to-target ratios for 3 h. The target cells were the Hmy2.CIR cell line transfected with HLA-A2 genes (33) . These cells were pulsed either with 100 nM of HIV-Gag77-85 peptide or HTLV-I Tax11-19 peptide (New England Peptide, Fitchburg, MA). The specific lysis was calculated as (experimental release Ϫ spontaneous release)͞(maximum release Ϫ spontaneous release) ϫ 100. The assay was performed in triplicate.
Results

Spontaneous Proliferation of ex Vivo PBMC of HAM͞TSP Patients and
Detection of Tax-Specific CD8 Cells. The goal of this study was to examine the impact of IL-15 on the survival of the Tax-specific CD8 cells in the ex vivo culture of HAM͞TSP PBMC that undergo spontaneous proliferation. Therefore, we first examined selected HAM͞TSP patients' PBMC for their IL-2-and IL-15-dependent spontaneous proliferation (Fig. 1A) . The proliferation of all of the HAM͞TSP PBMC was inhibited when cells were cultured with antibodies that blocked the actions of IL-2 (anti-IL-2 or anti-Tac that targets IL-2R ␣ chain) or those of IL-15 (anti-IL-15 or MiK␤1 that recognizes the IL-2͞15R ␤ chain). Addition of a combination of antibodies against IL-2 or IL-15 markedly inhibited the spontaneous proliferation.
Next, we identified the Tax-specific CD8 cells in the HAM͞TSP PBMC by using tetramer technology (34) . Two types of tetramers were used in these experiments: tetramer-HIV Gag specific for the Gag peptide 77-85 (hereafter referred to as tetramer-HIV) as a negative control and tetramer-Tax specific for Tax peptide 11-19. The PBMC obtained from these patients (which were determined to be HLA-A2) were stained with fluorochrome-conjugated tetramer-Tax or tetramer-HIV and an antibody against the CD8 molecule. The cells were analyzed subsequently by FACS analysis in the gated area R1 that contained the majority of lymphocytes (Fig. 1B) . The frequency of Tax-specific CD8 cells for each patient at day 0, before culture, is indicated in Fig. 1B as the percentage of the Tax-specific CD8 cells relative to the total number of CD8 cells. No staining was observed with tetramer-Tax when five HLA-A2 normal donor PBMC were analyzed in similar experiments (data not shown).
Antibodies That Inhibit the Action of IL-15 Target Tax-Specific CD8 ؉ Cells. Next, we questioned whether addition of antibodies that block the action of IL-2 or IL-15 can affect the number of Tax-specific CD8 cells. After 2 and 6 days in culture conditions similar to those described above, the PBMC were stained with an anti-CD8 antibody and tetramer-Tax or tetramer-HIV and examined subsequently by FACS analysis in gate 1 (R1) and gate 2 (R2) (Fig. 2) . The number of the Tax-specific CD8 cells reported in Fig. 2 was calculated as the percentage of the Tax-specific CD8 cells (the sum of these cells in R1 and R2) relative to the total number of CD8 cells (the sum of these cells in R1 and R2). In all of the patients, the percentage of the Tax-specific CD8 cells increased, in particular, by day 6 when the PBMC were cultured with media or UPC10 control antibody (compare the values in Fig. 1B for each patient to those shown in Fig. 2 ). Addition of antibodies that blocked the action of IL-2, namely anti-IL-2 or anti-Tac, did not alter the percentage of the Tax-specific CD8 cells. However, when antibodies that inhibited the action of IL-15, namely MiK␤1 and anti-IL-15, were added to the culture media the percentage of the Tax-specific CD8 cells in four of five patients was reduced, an observation that was more prominent at day 6. In case of patient 5, neither anti-IL-15 nor MiK␤1 influenced the percentage of Tax-specific CD8 cells. Addition of the combination of antibodies against IL-2 or IL-15 The uncultured PBMC (day 0) were used in a FACS analysis using tetramer-Tax or tetramer-HIV and an antibody against the CD8 molecule. The cells were analyzed in FACS analysis in gates R1 and R2. At day 0, the majority (Ͼ95%) of CD8 cells were in R1. The percentage of cells in gated area R1 ϩ R2, which reacted with tetramer-Tax and anti-CD8 antibody, was considered as Tax-specific CD8 cells. These numbers are indicated on the right as the percentage of the Tax-specific CD8 cells relative to the total CD8 cells.
or their receptors had a mixed impact on this number (see Discussion).
IL-15 Is Important in the Survival of Tax-Specific CD8 Cells in ex Vivo
Culture of HAM͞TSP PBMC. Depriving the culture of endogenously made IL-15 might have had two different impacts on the fate of the Tax-specific CD8 cells: it either inhibited the proliferation of Tax-specific CD8 cells or promoted the death process in these cells. To examine each possibility, the PBMC obtained from the same five HAM͞TSP patients were cultured in media alone, anti-IL-2 and anti-Tac, or anti-IL-15 and MiK␤1 for 2 or 6 days. A combination of antibodies against the cytokine and its receptor was added to completely block the actions of the respective cytokine. The cells were collected and stained with tetramerTax, anti-CD8 antibody, and either Ki-67 or Annexin V [Ki-67 as an indicator of proliferation (35) and Annexin V as a marker for cell death]. In each assay, the Tax-specific CD8 cells that reacted with tetramer-Tax were gated and the percentage of this population that was positive for Ki-67 or Annexin V was determined. The data are presented in Fig. 3 . The percentages of the proliferating Tax-specific CD8 cells in all of the patients dropped when cells were cultured with anti-IL-2 or anti-IL-15 antibodies in particular when assayed at day 6 (Fig. 3A) . However, it was only after culturing the PBMC with anti-IL-15 antibodies for 6 days that a percentage of the Tax-specific CD8 cells stained positively for Annexin V (Fig. 3B) . The exception was patient 5 in whom the Annexin V value did not change when antibodies against IL-15 and its receptor were added. Together, these data suggest that the endogenously made IL-2 and IL-15 play major roles in proliferation of Tax-specific CD8 cells. However, only blockade of IL-15 action, but not that of IL-2, resulted in induction of death in Tax-specific CD8 cells. This finding suggests that IL-15 is contributing to the survival of Tax-specific CD8 cells in the majority of HAM͞TSP patients.
Cytotoxic Activity of Tax-Specific CD8 Cells from Selected HAM͞TSP
Patients PBMC Decreased When IL-15 Action Was Inhibited. Next, we examined whether IL-15 has any impact on the cytotoxic activity of these cells. The Tax-specific CD8 cells circulating in the PBMC obtained from HAM͞TSP patients are capable of killing HTLV-I-infected cells in an HLA class I-restricted manner without further stimulation by exogenously added antigen (11, 36, 37) . The PBMC obtained from two HAM͞TSP patients (patients 1 and 5 as representatives) were cultured for 6 days with media alone, anti-IL-2 and anti-Tac, or anti-IL-15 and MiK␤1 and were used subsequently in a CTL assay with a progressive reduction in effector-to-target-cell ratio (Fig. 4) . The target cells were HLA-A2-restricted cells pulsed either with HIV-Gag (for Fig. 2 . The tetramer staining of HAM͞TSP PBMC cultured with various antibodies. The PBMC from five HAM͞TSP patients (pt#) were cultured for 2 (A) or 6 (B) days. The cells were stained with tetramer-Tax or tetramer-HIV and anti-CD8 antibody and analyzed by FACS. The CD8 cells proliferated and were detected in both R1 and R2. The percentage of the Tax-specific CD8 cells is reported as the percentage of the total number of Tax-specific CD8 cells in gates R1 ϩ R2 relative to the total number of CD8 cells in gates R1 ϩ R2. Fig. 3 . The Ki-67 and Annexin V staining of HAM͞TSP PBMC after 2-and 6-day cultures. The PBMC from HAM͞TSP patients (pt#) were cultured for 2 or 6 days with media alone, anti-IL-2 ϩ anti-Tac, or anti-IL-15 ϩ Mik␤1. The cells were collected and stained with tetramer-Tax, anti-CD8 antibody, and either Ki-67 or Annexin V. The Tax-specific CD8 cells were gated and analyzed for Annexin V or Ki-67 staining. (A) The Ki-67 staining of Tax-specific CD8 cells in day 2 and day 6 is reported as the percentage of the Tax-specific CD8 cells that were positive for Ki-67 relative to the total Tax-specific CD8 cells. (B) The Annexin V staining of Tax-specific CD8 cells in day 2 and day 6 is reported as the percentage of the Tax-specific CD8 cells that were positive for Annexin V staining at day 2 or day 6 relative to the total number of Tax-specific CD8 cells. nonspecific lysis) or HTLV-I Tax peptides. Both patient 1 and patient 5 showed strong CTL activity against their HTLV-Taxloaded target cells and not against HIV-Gag-loaded cells. However, it was only in patient 1 that a significant reduction in CTL activity (more than 70%) was observed when effector cells from anti-IL-15͞Mik␤1-added cultures were used. In this patient, effector cells from the anti-IL-2͞anti-Tac culture showed only about 20% reduction in their CTL activity. In contrast to patient 1, in the case of patient 5, effector cells from either anti-IL15͞Mik␤1 or anti-IL-2͞anti-Tac-added cultures showed similar cytotoxic activities against their Tax-loaded target cells. This finding indicates that in patient 5 IL-15 does not have a preferential effect on Tax-specific CD8 cells. These data correlate with those obtained from the tetramer staining experiments that were shown in Fig. 2 and demonstrate that IL-15 is an important factor in the maintenance of both the number and function of Taxspecific CD8 cells in the majority of HAM͞TSP patients.
IL-15R Subunits Are Expressed on the Tax-Specific CD8 Cells. One question that emerged from this study is why not all of the patients examined showed a decline in the proportion of the Tax-specific CD8 cells when IL-15 actions were blocked. We considered the possibility that this may be caused by a differential expression of IL-15Rs on the Tax-specific CD8 cells vs. total CD8 cells. To test this hypothesis, we examined both Tax-specific and total CD8 cell populations for their expression of IL-15R and IL-2R subunits. IL-15 and IL-2 share two receptor subunits namely CD122 (␤ chain) and CD132 (␥ c chain). In addition, each of the cytokines has its own private ␣ chain, namely IL-15R␣ and CD25 (IL-2R␣) (38) . The PBMC obtained from these five HAM͞TSP patients were stained with a tetramer-Tax, antibody against CD8, as well as with antibodies Analysis of the IL-2 and IL-15R complex in the Tax-specific CD8 cells and total CD8 cells. Uncultured PBMC (day 0) of five normal donors and five HAM͞TSP patients (pt#) studied here were stained with tetramer-Tax, an anti-CD8 antibody, and antibodies against different chains of the IL-2Rs or IL-15Rs (CD25 or IL-2R␣, CD122 or IL-2͞15R␤, CD132 or ␥c, and IL-15R␣), and an appropriate isotype control antibody. The Tax-specific CD8 cells were gated, and expression of each receptor subunit by these cells was examined. In addition, the expression of IL-2Rs and IL-15Rs by total CD8 cells was analyzed. The data presented for the normal donor are representative of five different normal donors examined. against different chains of the IL-15R and IL-2R systems or with an isotype control. In addition to five HAM͞TSP patients, the PBMC from five HLA-A2 normal donors were stained with antibodies against CD8 and each receptor subunit. The cells subsequently were subjected to flow cytometric analysis. Two populations were examined for expression of IL-2R and IL-15R: the Tax-specific CD8 cells and total CD8 cells (Fig. 5) . The CD8 cell staining data from one normal donor are shown as a representative. The Tax-specific CD8 and total CD8 cells from all of the HAM͞TSP patients and normal donors expressed IL-2͞15R␤ and ␥ c chains (Fig. 5) . At the sensitivity of FACS analysis, almost all of the other patient samples were negative for IL-2R␣ expression on their Tax-specific CD8 or total CD8 cells. Expression of IL-15R␣ was variable among patient samples. In the cases of patients 1 and 2, IL-15R␣ was exclusively expressed on the Tax-specific CD8 cells. The expression of this receptor chain in the cases of patients 3 and 4 was higher in Tax-specific CD8 cells than that in total CD8 cells as determined by the magnitude of the shift out of background. In the case of patient 5, both Tax-specific CD8 and total CD8 cells expressed IL-15R␣ to a similar extent. The distribution of the IL-15R complex may explain the variation in response among the patients when antibodies against IL-15 were added (see Discussion).
The Effect of IL-15 on CMV-Specific CD8 Cells. The next question was whether the IL-15 effect on Tax-specific CD8 cells was restricted to these cells or was a universal phenomenon impacting every kind of antigen-specific CD8 cell regardless of its antigenic target. This question prompted us to study the CMV-specific CD8 cells in experiments similar to those performed above. Among the five patients studied, only patient 2 had detectable levels of CMV-specific CD8 cells, which were about 1.3% of the total CD8 cells (Fig. 6A) . Therefore, an experiment was set up in which PBMC from patient 2 were cultured for 2 and 6 days in the absence or presence of antibodies that blocked IL-2 or IL-15 actions. The CMV-specific CD8 cell population was monitored by using tetramer-CMV or tetramer-HIV as a negative control. The data presented in Fig. 6B demonstrate the percentage of the CMV-specific CD8 cells relative to the total number of CD8 cells at 2 and 6 days of culture at various conditions. As indicated in Fig. 6 , the percentage of CMV-specific CD8 cells increased only modestly after 6 days in culture as compared with the previously discussed increase in the percentage of Tax-specific CD8 cells (Fig. 2) . Addition of IL-15 blocking antibodies (anti-IL-15 or MiK␤1) to the culture media did not lower the percentage of CMV-specific CD8 cells meaningfully when compared with media alone nor was there an effect of IL-2 blocking antibodies (anti-IL-2 or anti-Tac) or a combination of anti-IL-2 and anti-IL-15 antibodies on the proportion of CMV-specific CD8 cells.
Next, we examined the CMV-specific CD8 cells for expression of IL-15R and IL-2R. The uncultured PBMC from patient 2 was stained with antibodies against CD8 and each component of the IL-2R or IL-15R, and with either tetramer-CMV or tetramer-HIV. The cells were analyzed by FACS analysis. The data presented in Fig. 6C demonstrate the distribution of IL-2R and IL-15R components on CMV-specific CD8 cells and total CD8 cells. Comparison of these data with those of patient 2 in Fig. 5 reveals that unlike the Tax-specific CD8 cells, the CMV-specific CD8 cells do not express the IL-15R␣ chain at levels detectable by this assay. However, both of these cell populations express CD122 (IL-2͞15R␤) and CD132 (␥ c ) chains.
Discussion
In this study, we examined the PBMC in the ex vivo culture of five HAM͞TSP patients with an HLA-A2 background to define the role of IL-15 in the persistence of Tax-specific CD8 cells. The fact that HAM͞TSP PBMC undergo spontaneous proliferation has enabled us to avoid adding exogenous cytokines, growth factors, or antigen. Therefore, the ex vivo system used in this study presumably reflects the events that occur naturally in vivo in HAM͞TSP patients. Using such a working model, we demonstrated that IL-15 plays a major role in the survival and function of Tax-specific CD8 cells in the majority of patients studied. The data suggest that IL-15 contributes to the survival of Tax-specific CD8 cells by supporting their proliferation and inhibiting their apoptosis. This observation is in accord with previous reports that IL-15 has an antiapoptotic effect (39, 40) . Furthermore, it has been suggested that IL-2 and IL-15 may have opposing effects in maintaining the homeostasis of lymphocytes (41, 42) . The observation that in some of the patients blocking IL-15 actions resulted in a decrease in the percentage of the Tax-specific CD8 cells, whereas blocking both IL-2 and IL-15 actions did not have such effect (Fig. 2) , may reflect the contrasting roles of these two cytokines in determining the fate of the T cells.
As demonstrated here the survival of Tax-specific CD8 cells depended on IL-15 in the majority of the patients. This may be explained by the distribution pattern of IL-15Rs on their CD8 cells. The IL-15R system in T and NK cells consists of three chains: IL-15R␣, IL-2͞15R␤ (CD122), and ␥ c (CD132) (38) . As demonstrated in this study, the ␤ and ␥ c chains were expressed on both Tax-specific CD8 and total CD8 cells. However, the IL-15R␣ expression pattern was different. In four of five patients studied here, the expression of IL-15R␣ was more abundant (patients 3 and 4) or was limited (patients 1 and 2) to the Tax-specific CD8 cells compared with its distribution on total CD8 cells. However, in the case of patient 5, both Tax-specific CD8 and total CD8 cells expressed IL-15R␣ to a similar extent. The expression pattern of IL-15R␣ by Tax-specific CD8 cells might have had an effect on the fate of these cells when cultured with blocking antibodies against IL-15. IL-15 binds to IL-15R␣ with an extremely high affinity of 10 Ϫ11 M (43) . Therefore, cells that express IL-15R␣ can compete successfully for IL-15 protein, which is not abundantly secreted because of numerous posttran- The uncultured PBMC from patient 2 were stained with tetramer-CMV or tetramer-HIV as a negative control as well as with an antibody against CD8 cells. The specific reactivity of tetramer-CMV with a population of CD8 cells identified the CMV-specific CD8 cells. (B) The PBMC were cultured for 2 or 6 days with media alone or with the addition of the various antibodies as indicated. The cells were stained with tetramer-CMV or tetramer-HIV as a negative control and an antibody against CD8 cells. The data are presented as the percentage of the CMV-specific CD8 cells relative to the total number of CD8 cells in both R1 and R2 gates. (C) The uncultured PBMC were examined for expression of IL-2Rs and IL-15Rs by CMV-specific CD8 cells. The cells were stained with tetramer-CMV, an anti-CD8 antibody, and antibodies against different chains of the IL-2R or IL-15R or an appropriate isotype control antibody. Two populations of CMV-specific CD8 cells and total CD8 cells were gated, and the expression of IL-2R and IL-15R by these cells was examined.
scriptional impediments to its expression (44) . The patients (nos. 1-4) who expressed IL-15R␣ preferentially on their Tax-specific CD8 cells were those in whom the percentages of Tax-specific CD8 cells were reduced when blocking antibodies against IL-15 or its receptor were added to the culture. One explanation for the expression of IL-15R␣ by Tax-specific CD8 cells may be the recent finding that these cells are preferentially infected with HTLV-I (45), which in turn can up-regulate transcription of the IL-15R␣ gene (10) .
Although IL-15 was shown to play a major role in the survival of Tax-specific CD8 cells, the CMV-specific CD8 cells examined in patient 2 were not affected by IL-15 blockade. Unlike Tax-specific CD8 cells that proliferated an average of 3-to 4-fold after 6 days in culture over that at day 0 the CMV-specific CD8 cells did not proliferate. Interestingly, in contrast to the Taxspecific CD8 cells, the CMV-specific CD8 cells did not express IL-15R␣, which may have prevented them from proliferating in response to endogenously made IL-15. Lack of proliferation, therefore, may have masked the impact of IL-15 withdrawal on the proportion of CMV-specific CD8 cells as related to the total CD8 cells. Overall, this study is of importance because it demonstrates that in HAM͞TSP patients IL-15 plays a major role in survival of Tax-specific CD8 cells, as well as in their function as antigen-specific cytotoxic cells.
